Abstract-Several studies indicate a potential link between orthostatic hypotension (OH) and incident dementia but without substantial evidence to date. Our objective is to study the association between OH and dementia in a cohort of elderly individuals. To do so, baseline lying and standing blood pressure measurements were taken from 7425 subjects in the Three-City study. These subjects were then followed-up for 12 years. Cox proportional hazard models, adjusted for potential confounders, were used to estimate the risk of incident dementia according to OH status. Sensitivity analysis was performed using the so-called illness-death model, a specific statistical method which takes into account competitive risk with death. OH frequency was found to be around 13%, and 760 cases of dementia were diagnosed during followup. We observed significant associations between the presence of OH at baseline and the occurrence of dementia during the follow-up, with an increased risk of at least 25% observed regardless of the OH threshold and the statistical method used. In conclusion, there is an association between OH and dementia. Considering that OH is a common condition and is easy to measure, OH measurements could help to identify subjects with higher risk of dementia. Moreover, reducing OH could be a step to prevent conversion to dementia. 
I
n clinical practice, orthostatic hypotension (OH), a blood pressure drop in standing position, is a common condition affecting at least 6% of the population. 1 OH has been consistently associated with increased mortality and risk of cardiovascular events. 2 This leads us to question whether cerebral perfusion variations induced by OH could contribute to an increased risk of dementia. An increase in the prevalence of OH in patients with dementia, 3 as well as increased risk of conversion to dementia, has been shown among patients with mild cognitive impairment and OH. 4 In general population, relationships between OH and cognitive impairments are highlighted [5] [6] [7] [8] but without drawing substantive conclusions given the too short duration of the follow-up and insufficient number of subjects or as a result of an unequal distribution of the Mini-Mental State Examination score according to OH status. Given these results, there is currently no significant evidence to support the prospective relationship between OH and the risk of dementia.
The Three-City study, a community-based cohort of 9294 individuals above the age of 65 years with a follow-up of 12 years, 9 thus, seems to be an adequate resource to attempt to make progress on this research topic.
Methods

Study Population
The principal objective of the Three-City study was to examine the vascular determining factors of incident dementia. 9 The study participants, aged ≥65 years, noninstitutionalized, were recruited from 1999 to 2001 (inclusive) on a voluntary basis using the electoral rolls in 3 French cities: Bordeaux, Dijon, and Montpellier. There was a 37% acceptance rate among the contacted subjects. After excluding those who refused to participate in the medical interview (n=392), the sample comprised 9294 participants (Bordeaux, n=2104; Montpellier, n=2259; and Dijon, n=4931). The initial interview took place either in a health center or at the subject's home and consisted of a face-to-face interview with a trained investigator to collect data related to background information, lifestyle, and medical history. In addition, a fasting blood sample was taken, and physical and cognitive assessments were performed. During the 12-year follow-up period, 5 follow-up visits took place every 2 or 3 years.
The working sample of this study consisted of subjects without prevalent dementia and who had their blood pressure measured while sitting and standing at baseline.
Diagnosis of Dementia
Diagnosis of dementia was based on a 3-step procedure at each follow-up screening, as described elsewhere.
First, at baseline and at each follow-up visit, trained psychologists assessed cognitive function, and dementia was actively screened. Depending on the score obtained in the Mini-Mental State Examination and Isaac test, subjects could be identified as at risk for dementia. 11 On the Bordeaux and Montpellier sites, a neurologist evaluated all subjects. However, and because of a large number of subjects, only at-risk subjects were evaluated by the neurologist on the Dijon site. Finally, after this examination based on clinical evaluation, the final diagnosis of dementia was made by an independent panel of neurologists and geriatricians with a strong expertise in dementia. They used the information available from the Three-City study examination and all exams performed by the patients' physicians who could include, but not systematically, neuroimaging exams. The diagnosis of dementia was established on the basis of the Diagnosis and Statistical Manual of Mental Disorders-IV from the American Psychiatric Association. Alzheimer's disease was classified as possible or probable, using the criteria of the National Institute of Neurological and Communication Disorders and Stroke and of the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA criteria).
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Blood Pressure Measurement and Diagnosis of OH
The protocol for blood pressure measurement has been described previously. 9 For OH diagnosis, participants had to first lie down and relax for at least 5 minutes. Then, an appropriate size cuff was placed on the right arm, close to the level of the heart. The measuring devices used consisted of automatic oscillometric devices developed by OMRON CP750 (Japan) rated A/A by the British Hypertension Society. 13 Blood pressure was measured once in lying position. After this measurement in lying position and without removing the cuff, the participant had to stand up, and then another one blood pressure measurement was immediately performed in standing position without delay. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) values and heart rate were also recorded in the database. No data on symptoms that could potentially indicate a drop in BP were recorded. Standing blood pressures were not measured during the follow-up.
The diagnosis of OH is based on a consensus, and there are several diagnostic thresholds defined in the literature. We conducted analysis not only with the most consensual threshold (a reduction in SBP of at least 20 mm Hg or DBP of at least 10 mm Hg 14 ) but also with 2 other thresholds commonly referred to as mild OH (reduction in SBP of at least 10 mm Hg or DBP of at least 5 mm Hg) 15 and severe OH (reduction in SBP of at least 30 mm Hg or DBP of at least 15 mm Hg). 16 For hypertension diagnosis, 2 series of blood pressure measurements were conducted, the first at the beginning of the interview and the second after the ECG to diagnose OH for the Bordeaux and Dijon centers. In Montpellier, only 1 series of blood pressure measurements was performed after the ECG, which was, therefore, the same measurement used to diagnose OH and hypertension.
Hypertension was defined as an SBP≥140 mm Hg, a DBP≥90 mm Hg, or taking antihypertensive drugs.
Clinical Events and Death During Follow-Up
During follow-up, participants were asked to declare their cardiovascular history (interview or questionnaire). This included information on previous coronary events (acute coronary syndrome, myocardial revascularization) and stroke, regardless of the cause . If the subject answered affirmatively, the potential cases were further documented by medical data obtained from general practitioners, specialists, and hospital records where possible and were reviewed by 2 panels of experts, 1 for coronary events and 1 for stroke.
Mortality was ascertained from the civil registry by systematic request for all subjects not included in follow-up visits. The date of death was defined as the date of event and the date of the last followup or phone contact for the 10-year follow-up as the date of censoring.
Other Variables
The level of education was divided into 4 categories from no school or only primary schooling to participants with studies in higher education.
The Mini-Mental State Examination score was used to determine cognitive state. If the score was ≥24/30, we considered the subject's cognitive state as normal. 17 Scores below this threshold were used to define a cognitive impairment.
Diabetic status was defined by a level of fasting blood glucose >7 mmol/L or the intake of antidiabetic treatment (oral treatment or insulin).
Smoking status accounted for nonsmokers and former and active smokers. Former smokers were defined as having had quit smoking for at least 6 months.
Subjects were considered dyslipidemic if their total cholesterol level was >5.2 mmol/L or if they were under hypolipidemic treatment.
Hypotensive medication was defined by the taking of medication which decreases the blood pressure whatever the indication: hypertension or other cardiovascular condition.
Psychotropic medication was defined by the taking of a chronic treatment for psychiatric disorder.
The diagnosis of depression was established on the basis of the score obtained on the depression scale established by the Center for Epidemiology Studies-Depression. Depression in a subject was defined by a score of >16 for men and >23 for women.
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Statistical Analysis
Participants who did not have their blood pressure measured in standing position were removed from the analysis but were compared with the cohort whose blood pressure was measured while standing to determine whether these values were missing at random. Comparative statistical tests adapted to independent data series were conducted to analyze subjects with OH and subjects without OH (variance analysis and Chi-squared test).
We used a Cox proportional hazard model with delayed entry to study the risk of incident dementia in relation to OH. Because it is difficult to define the date of onset of the dementing process, which is generally insidious, the age of diagnosis of dementia was defined as the age at the midpoint of the interval between the date of diagnosis and the date of the previous visit without dementia. The selected time axis is the age of subject, with delayed entry and left truncation. Participants without dementia were right censored at the end of their last visit or in the event of death. The principal explanatory variable was OH status. Model 1 was a univariate model, uniquely adjusted for the variable center. Model 2 was adjusted for the variables known to be associated with dementia or with OH-ApoE4 status, 19 cognitive state, depression, 20 education level, 21 diabetes mellitus, high blood pressure, cardiovascular history, and center, which were selected during a step-by-step manual procedure, in descending order, using a cohort without missing data to ensure a constant sample size.
A sensitivity analysis was performed using an illness-death model taking into account the competing risk by death and interval censoring. 22 The illness-death model is a semiparametric multistate model, which has been designed to take into account properly the competitive risk with death induced by the interval censoring and, thus, avoids bias. 23 Therefore, it incorporates the different transition states applicable to this study. 24 The first transition (baseline to dementia) is adjusted for the center, using only univariate analysis, and for the adjustment variables from model 2 of the principal multivariate analysis. The second transition (baseline to death) is adjusted in univariate analysis for sex and center. In the multivariate analysis, the cardiovascular risk factors are introduced into the model. The third transition (dementia to death) is adjusted by default for the variables used in the first transition.
In a second analysis, we explored the potential association of the OH to the 2 main different causes of dementia, which are Alzheimer disease and vascular dementia. Cox proportional hazard models with delayed entry were performed with Alzheimer disease and then vascular dementia as primary outcome. The adjustment variables were taken from model 2 of our primary analysis.
All analyses were performed using SAS v9.4 (SAS Institute, Inc, Cary, NC) except those concerning the illness-death model that used R's smooth-hazard package. A 2-tailed P value ≤0.05 was considered to be statistically significant.
Results
The initial sample of the Three-City study was composed of 9294 subjects. However, 1745 of the subjects did not have their blood pressure measured in standing position, rendering the diagnosis of OH impossible, and 214 subjects had already been diagnosed with dementia at the start of the study. Our final study sample, therefore, consisted of 7425 participants (Figure) . Subjects who had not undergone a standing blood pressure measurement represented ≈20% of the total cohort. These subjects were equally represented between the 3 centers. In comparing the general characteristics of these participants with those in the study sample, we observe that the former are a significantly older population group (P<0.0001) with an accumulation of cardiovascular risk factors (Table S1 in the online-only Data Supplement).
Using the conventional significance threshold to diagnose OH, we observe an overall OH in 978 participants (13% of the working sample). With the second definition proposed, numbers are different: mild OH was present in 2411 participants (32%) and severe OH in 330 participants (4.5%).
Participants with OH had an increased cardiovascular risk compared with participants without OH, were older (P=0.0016), had a higher proportion of cardiovascular history (P<0.0001), and had higher SBP (P<0.0001). Distribution of ApoE4 + state, cognitive state, and level of education was comparable in the 2 groups (Table 1) .
During a mean follow-up of 7.5 years representing 55 539 person-years, 760 cases of dementia were diagnosed. Among these, 304 died during the course of follow-up. The average period between diagnosis of dementia and death was 4.96 years (±2.26). We recorded 1962 deaths during the study. An association between the OH status and death was observed (P<0.0001; Table S2 in the online-only Data Supplement). OH was associated with an increased risk of ≈20% of incident dementia for conventional and mild OH thresholds (Table 2) . This association seemed stronger using the severe OH threshold with an increased risk of incident dementia of 54% and 57% in the univariate and multivariate analyses, respectively. Most of these associations were found to be statistically significant.
In the sensitive analysis using the illness-death model, the relative risks of developing dementia were of the same order of magnitude as in the Cox proportional hazard model (Table 2) , regardless of the definition of OH.
In our second analysis, according to dementia pathogenesis (Alzheimer or vascular), we noted 512 incident Alzheimer cases, and 151 incident vascular dementia represented 87% of the overall incident dementia. The Cox regression analysis after adjustment did not show a significant association between OH and Alzheimer disease (hazard ratio, 1.19; 95% confidence interval, 0.91-1.57; P=0.212) and between OH and vascular dementia (hazard ratio =1.42; 95% confidence interval, 0.92-2.15; P=0.111), respectively.
Discussion
In the Three-City study, OH at baseline was associated with an increased risk of incident dementia during the 12 years of follow-up. This association is not explained by the initial differences in the distribution of risk factors of dementia because no significant differences were observed between the populations with and without OH, in terms of cognitive state (P=0.42), depression score (P=0.10), education level (P=0.90), and ApoE4 + status (P=0.31).
Figure.
Flow chart of selection of participants from the ThreeCity (3C) study cohort. Cardiovascular history was defined as acute coronary syndrome, myocardial revascularization, and stroke; Diabetic status was defined by a level of fasting blood glucose >7 mmol/L or the intake of antidiabetic treatment (oral treatment or insulin); Dyslipidemia was defined by a cholesterol level >5.2 mmol/L or a hypolipidemic treatment; and Depression was defined by a CESD score of >16 for men and >23 for women. % indicates proportion; 3C, Three-City study; BMI, body mass index; CESD, Center for Epidemiology Studies-Depression; DBP, diastolic blood pressure in mm Hg; HR, heart rate per minute; M, male; SBP, systolic blood pressure in mm Hg; and SD, standard deviation.
Atrial fibrillation is another factor which has been described as associated to dementia. 25 However, in our study sample, if we noticed a slightly significant higher frequency of atrial fibrillation in subject with OH (3.46% versus 2.30%; P=0.0372), atrial fibrillation was not associated to incident dementia (hazard ratio, 1.18; 95% confidence interval, 0.71-1.895; P=0.503). Furthermore, the higher the prominence of OH, the stronger the association, with an increased risk of dementia of 50% observed for severe OH. Similar results were found in the sensitivity analysis with a dedicated method, 23 which reinforces the strength of the association.
Blood pressure drop in standing position is a marker of autonomic dysfunction and may lead to increased BP variability. Blood pressure variability has been studied through several markers: visit-to-visit variability, variability for 24H, and home blood pressure variability. The association of all of these markers with the increased incidence of cardiovascular events has been proven. 26 To date, visit-to-visit variability is the only marker able to predict incident dementia as a longterm marker of variability. 27 OH, which is a short-term marker of variability, offers additional evidence of the link between blood pressure variability and dementia.
This work, thus, provides new insight on the relationship between blood pressure and dementia. In mid-life adults, high blood pressure is associated with an increased risk of dementia. [28] [29] [30] High blood pressure and different cardiovascular risk factors result in accelerated vascular aging, structurally modifying both large and small arteries. About the large arteries (the aorta in particular), the wall loses its elastic properties and grows stiffer. This arterial stiffness is accompanied by poorer blood pressure regulation, with an increase in blood pressure variability, and prevalence of OH. 31 In elderly individuals, we have now evidences 27 that it is the blood pressure variability not the blood pressure level which is associated with increased risk of dementia, leading to blood pressure surges accompanied by impaired cerebral microcirculation, most likely responsible for repeated episodes of ischemia.
However, contrary to other markers of blood pressure variability, OH has many causes. OH can be related to an insufficiency of the central regulation system of blood pressure as is the case for neurodegenerative diseases 32 (in particular, Parkinson's disease and diabetes mellitus) or to an inadequacy of the peripheral baroreceptors as is the case for vascular aging. Given this complexity, it is difficult to identify whether OH is a pure marker of vascular aging or whether it is an early marker of an ongoing neurodegenerative dementia process. Despite that OH is not more strongly associated to vascular dementia than Alzheimer disease in our second analysis, OH as a vascular aging marker lead seems to be the most likely for several reasons. First, in our cohort, subjects with OH are significantly older (P<0.0001), hypertensive (P<0.0001), and have a greater proportion of cardiovascular events (P=0.0250) than those without OH (Table 1) . So, this population with OH has a higher cardiovascular risk than those without. Furthermore, as aforementioned, many studies have shown that OH is a risk factor of cardiovascular events (coronary artery disease, heart failure, and stroke). 2, 33 Otherwise, subjects in the Three-City study centers are screened during each visit to allow early diagnosis of dementia. Therefore, the possibility that OH remains for the years as the only sign of an ongoing dementia process is quite unlikely. Moreover, OH of central origin is generally associated with other dysautonomic signs, such as abnormal heart rate regulation. However, in our study, we did not observe any association between heart rate variability (defined as the difference between lying and standing heart rate) and incident dementia (hazard ratio=1.00; 95% confidence interval, 0.990-1.008; P=0.783). Finally, diabetes mellitus is a frequent cause of dysautonomia and OH. However, in our study, there is no significant difference of diabetes mellitus distribution according to OH status (P=0.1060; Table 1 ).
Limitations
About 20% of the population did not have their blood pressure measured in standing position. This group does not have the same characteristics as the study sample (Table 1) ; in particular, the former is significantly older with a higher cardiovascular risk, thus, with increased risk of dementia and OH. The reasons why some subjects in the study did not have their blood pressure measured in standing position have not been specified in the database, but the proportion of missing data are somewhat similar in each of the 3 cities. This suggests that the reasons behind the lack of blood pressure measurements in standing position by investigators were similar and associated with the condition of patients (subject tiredness and clinical weakness seem evident here). Our study incorporated a unique way of measuring orthostatism, which did not follow the general consensus on repeating the orthostatism measurements for 3 minutes, which, in turn, undeniably reduced the initial prevalence recorded in our study. Moreover, symptoms induced by OH were not collected at the start of the study. Indeed, symptomatic OH reflects the reality of cerebral hypoperfusion and could be better correlated to the clinical outcome. However, recent data suggest that symptomatic hypotension makes up <10% of OH and does not have a stronger association with occurrence of cardiovascular event than asymptomatic OH. 34 These limitations could partially explain the relatively weak prevalence of OH of ≈13% compared with other studies. However, this does not question the strength of the association between OH and dementia, which is probably underestimated as a result of these limitations.
An important limitation of the current results is the lack of representativeness of the Three-City study sample. Because the participation rate was ≈37%, 9 our sample was, therefore, not representative of the general population, and the association observed might not be true in the general population.
Conclusion and Perspectives
OH, a simple marker of blood pressure variability, is associated with an increased risk of developing dementia of about at least 25%. Thus, it could help to identify subjects with high risk of dementia.
Moreover, it raises the question of the need to take into account blood pressure variability and in particular OH among subjects with high risk of dementia and to test whether reducing OH could reduce the incidence of dementia.
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